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Abstract
Photochromic proteins, such as Dronpa, are of particular importance in bioimaging, and form the basis of ultraresolution fluorescence microscopy. The photochromic reaction involves switching between a weakly emissive neutral trans form of the chromophore (A) and its emissive cis anion (B). Controlling the rates of switching has the potential to significantly enhance the spatial and temporal resolution in microscopy. However, the mechanism of the switching reaction has yet to be established. Here we report a high signal-to-noise ultrafast transient infra-red investigation of the photochromic reaction in the mutant Dronpa2, which exhibits facile switching behavior. In these measurements we excite both the A and B forms and observe the evolution in the IR difference spectra over hundreds of picoseconds. Electronic excitation leads to bleaching of the ground electronic state and instantaneous (sub picosecond) changes in the vibrational spectrum of the protein. The chromophore and protein modes evolve with different kinetics. The chromophore ground state recovers in a fast non-single-exponential relaxation, while in a competing reaction the protein undergoes a structural change. This results in formation of a metastable form of the protein in its ground electronic state (A’), which subsequently evolves on the time scale of hundreds of picoseconds. The changes in the vibrational spectrum that occur on the sub-nanosecond time scale do not show unambiguous evidence for either proton transfer or isomerization, suggesting that these low yield processes occur from the metastable state on a longer time scale and are thus not the primary photoreaction. Formation of A’, and further relaxation of this state to the cis anion B, are relatively rare events, thus accounting for the overall low yield of the photochemical reaction.





Photochromic proteins, of which Dronpa is the prototypical example, ADDIN EN.CITE 1-2 form an important subset of the green fluorescent protein (GFP) family. Dronpa is repeatedly photoswitchable between a green emitting bright state (B) generated through 380 nm irradiation of the UV/blue absorbing dark state (A) which may in turn be formed on 490 nm irradiation of B. ADDIN EN.CITE 2-4 Typically the dark (A) to bright (B) switching has a larger cross section than the reverse process. This photochromic behavior forms the basis of a number of revolutionary advances in ultraresolution fluorescence microscopy which combines tens of nanometer 3D spatial resolution with the benefits of a genetically expressible chromophore. ADDIN EN.CITE 5-11 
Despite the significance of Dronpa, the mechanism of photoswitching is far from fully characterized. This is an obvious hindrance to the design of new photochromic proteins with enhanced properties for imaging. For example, resolution and imaging speed depend on A/B and B/A switching rates, which might be manipulated by mutagenesis if the mechanism is known. In addition other photoswitchable functions (for example probing site specific photo-activated drug release and photodynamic therapy ADDIN EN.CITE 12-13 in genetically modified organisms) may be devised. It is established that the A state is the neutral form of the chromophore (Figure 1) while the B state is its deprotonated anionic form, suggesting that a proton transfer reaction occurs during photoswitching. ADDIN EN.CITE ,  This may be an excited state proton transfer (ESPT) reaction, such as occurs in wild type (wt) GFP, ADDIN EN.CITE 16-18 or may occur in the ground electronic state. Dronpa has the same chromophore as wt GFP and essentially the same -barrel structure, although the proteins differ both in the arrangement of the amino acid residues near the chromophore and in the isomeric form of the chromophore itself. Structural studies of the A and B states of Dronpa showed that the A state adopts a trans form with respect to the bridging double bond and shows some disorder, while the B state has the cis form typical of fluorescent proteins (Figure 1). This suggests that the photochromic reaction also involves a photoinduced trans-cis isomerization. ADDIN EN.CITE 19-21 
In this article, we report real time observations of the primary steps of the photochromic reaction in the Dronpa mutant Dronpa2 using ultrafast ultrasensitive time-resolved infrared (TRIR) spectroscopy. HYPERLINK \l "_ENREF_22" \o "Greetham, 2011 #22"  ADDIN EN.CITE <EndNote><Cite><Author>Greetham</Author><Year>2011</Year><RecNum>22</RecNum><DisplayText><style face="superscript">22</style></DisplayText><record><rec-number>22</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679671">22</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Greetham, G. M.</author><author>Burgos, P.</author><author>Cao, Q. A.</author><author>Clark, I. P.</author><author>Codd, P. S.</author><author>Farrow, R. C.</author><author>George, M. W.</author><author>Kogimtzis, M.</author><author>Matousek, P.</author><author>Parker, A. W.</author><author>Pollard, M. R.</author><author>Robinson, D. A.</author><author>Xin, Z. J.</author><author>Towrie, M.</author></authors></contributors><titles><title>ULTRA: A Unique Instrument for Time-Resolved Spectroscopy</title><secondary-title>Appl Spectrosc</secondary-title></titles><periodical><full-title>Appl Spectrosc</full-title></periodical><pages>1311-1319</pages><volume>64</volume><number>12</number><dates><year>2011</year><pub-dates><date>Dec</date></pub-dates></dates><isbn>0003-7028</isbn><accession-num>ISI:000284817500002</accession-num><urls><related-urls><url>&lt;Go to ISI&gt;://000284817500002</url></related-urls></urls></record></Cite></EndNote>22 This complements two earlier ultrafast optical studies of Dronpa, by Hofkens and co-workers  HYPERLINK \l "_ENREF_4" \o "Fron, 2007 #4"  ADDIN EN.CITE <EndNote><Cite><Author>Fron</Author><Year>2007</Year><RecNum>4</RecNum><DisplayText><style face="superscript">4</style></DisplayText><record><rec-number>4</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679671">4</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Fron, E.</author><author>Flors, C.</author><author>Schweitzer, G.</author><author>Habuchi, S.</author><author>Mizuno, H.</author><author>Ando, R.</author><author>Schryver, F. C.</author><author>Miyawaki, A.</author><author>Hofkens, J.</author></authors></contributors><auth-address>Department of Chemistry and Institute for Nanoscale Physics and Chemistry (INPAC), Katholieke Universiteit Leuven, Celestijnenlaan 200F, 3001 Heverlee, Belgium.</auth-address><titles><title>Ultrafast Excited-State Dynamics Of The Photoswitchable Protein Dronpa</title><secondary-title>J Am Chem Soc</secondary-title><alt-title>Journal of the American Chemical Society</alt-title></titles><alt-periodical><full-title>Journal of the American Chemical Society</full-title></alt-periodical><pages>4870-1</pages><volume>129</volume><number>16</number><keywords><keyword>Animals</keyword><keyword>Anthozoa/*metabolism</keyword><keyword>Green Fluorescent Proteins/*chemistry</keyword><keyword>Photochemistry</keyword><keyword>Spectrum Analysis</keyword></keywords><dates><year>2007</year><pub-dates><date>Apr 25</date></pub-dates></dates><isbn>0002-7863 (Print)&#xD;0002-7863 (Linking)</isbn><accession-num>17385864</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/17385864</url></related-urls></urls><electronic-resource-num>10.1021/ja069365v</electronic-resource-num></record></Cite></EndNote>4 and van Thor and co-workers. HYPERLINK \l "_ENREF_23" \o "Warren, 2013 #23"  ADDIN EN.CITE <EndNote><Cite><Author>Warren</Author><Year>2013</Year><RecNum>23</RecNum><DisplayText><style face="superscript">23</style></DisplayText><record><rec-number>23</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679671">23</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Warren, M. M.</author><author>Kaucikas, M.</author><author>Fitzpatrick, A.</author><author>Champion, P.</author><author>Sage, J. T.</author><author>van Thor, J. J.</author></authors></contributors><auth-address>Division of Molecular Biosciences, Imperial College London, South Kensington Campus, London SW7 2AZ, UK.</auth-address><titles><title>Ground-State Proton Transfer In The Photoswitching Reactions Of The Fluorescent Protein Dronpa</title><secondary-title>Nat Commun</secondary-title><alt-title>Nature communications</alt-title></titles><alt-periodical><full-title>Nature Communications</full-title></alt-periodical><pages>1461</pages><volume>4</volume><keywords><keyword>Amino Acids/chemistry</keyword><keyword>Animals</keyword><keyword>Light</keyword><keyword>Luminescent Proteins/*metabolism</keyword><keyword>Models, Molecular</keyword><keyword>*Photochemistry</keyword><keyword>*Protons</keyword><keyword>Spectroscopy, Fourier Transform Infrared</keyword><keyword>Water/chemistry</keyword></keywords><dates><year>2013</year><pub-dates><date>Feb</date></pub-dates></dates><isbn>2041-1723 (Electronic)&#xD;2041-1723 (Linking)</isbn><accession-num>23403562</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/23403562</url></related-urls></urls><custom7>1461</custom7><electronic-resource-num>10.1038/ncomms2460</electronic-resource-num></record></Cite></EndNote>23 The first study of ultrafast electronic spectroscopy following A state excitation revealed dynamics on the picosecond time scale consistent with the weak fluorescence of A. In addition, the measured rates depended on whether D2O or H2O was the solvent, leading to the suggestion that the primary process was ESPT, as in wtGFP. HYPERLINK \l "_ENREF_4" \o "Fron, 2007 #4"  ADDIN EN.CITE <EndNote><Cite><Author>Fron</Author><Year>2007</Year><RecNum>4</RecNum><DisplayText><style face="superscript">4</style></DisplayText><record><rec-number>4</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679671">4</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Fron, E.</author><author>Flors, C.</author><author>Schweitzer, G.</author><author>Habuchi, S.</author><author>Mizuno, H.</author><author>Ando, R.</author><author>Schryver, F. C.</author><author>Miyawaki, A.</author><author>Hofkens, J.</author></authors></contributors><auth-address>Department of Chemistry and Institute for Nanoscale Physics and Chemistry (INPAC), Katholieke Universiteit Leuven, Celestijnenlaan 200F, 3001 Heverlee, Belgium.</auth-address><titles><title>Ultrafast Excited-State Dynamics Of The Photoswitchable Protein Dronpa</title><secondary-title>J Am Chem Soc</secondary-title><alt-title>Journal of the American Chemical Society</alt-title></titles><alt-periodical><full-title>Journal of the American Chemical Society</full-title></alt-periodical><pages>4870-1</pages><volume>129</volume><number>16</number><keywords><keyword>Animals</keyword><keyword>Anthozoa/*metabolism</keyword><keyword>Green Fluorescent Proteins/*chemistry</keyword><keyword>Photochemistry</keyword><keyword>Spectrum Analysis</keyword></keywords><dates><year>2007</year><pub-dates><date>Apr 25</date></pub-dates></dates><isbn>0002-7863 (Print)&#xD;0002-7863 (Linking)</isbn><accession-num>17385864</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/17385864</url></related-urls></urls><electronic-resource-num>10.1021/ja069365v</electronic-resource-num></record></Cite></EndNote>4 Very recently van Thor and co-workers reported the first TRIR study of Dronpa. HYPERLINK \l "_ENREF_23" \o "Warren, 2013 #23"  ADDIN EN.CITE <EndNote><Cite><Author>Warren</Author><Year>2013</Year><RecNum>23</RecNum><DisplayText><style face="superscript">23</style></DisplayText><record><rec-number>23</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679671">23</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Warren, M. M.</author><author>Kaucikas, M.</author><author>Fitzpatrick, A.</author><author>Champion, P.</author><author>Sage, J. T.</author><author>van Thor, J. J.</author></authors></contributors><auth-address>Division of Molecular Biosciences, Imperial College London, South Kensington Campus, London SW7 2AZ, UK.</auth-address><titles><title>Ground-State Proton Transfer In The Photoswitching Reactions Of The Fluorescent Protein Dronpa</title><secondary-title>Nat Commun</secondary-title><alt-title>Nature communications</alt-title></titles><alt-periodical><full-title>Nature Communications</full-title></alt-periodical><pages>1461</pages><volume>4</volume><keywords><keyword>Amino Acids/chemistry</keyword><keyword>Animals</keyword><keyword>Light</keyword><keyword>Luminescent Proteins/*metabolism</keyword><keyword>Models, Molecular</keyword><keyword>*Photochemistry</keyword><keyword>*Protons</keyword><keyword>Spectroscopy, Fourier Transform Infrared</keyword><keyword>Water/chemistry</keyword></keywords><dates><year>2013</year><pub-dates><date>Feb</date></pub-dates></dates><isbn>2041-1723 (Electronic)&#xD;2041-1723 (Linking)</isbn><accession-num>23403562</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/23403562</url></related-urls></urls><custom7>1461</custom7><electronic-resource-num>10.1038/ncomms2460</electronic-resource-num></record></Cite></EndNote>23 They presented decay associated spectra showing a 9 ps excited state decay of the A* excited state leading to a new state, assigned as the protonated cis ground state, which was stable on a 100 ps time scale. Thus, they proposed that the primary event is the trans - cis isomerization reaction, and not ESPT. The present results extend these TRIR measurements to a wider frequency range and to longer times. This permits the observation of modes associated with changes in protein structure around the chromophore, which are found to evolve on the hundreds of picoseconds time scale. These data lead us to propose a more complex picture of the primary events in the Dronpa photocycle, involving changes in both the chromophore and the surrounding protein matrix. In addition we contrast our Dronpa data with measurements on wt GFP, for which the transient IR modes have been assigned. ADDIN EN.CITE ,  The marked differences between the spectra and dynamics of these identical chromphores in their distinct protein environments are discussed in terms of a mechanism for the photochromic reaction.
Results and Discussion
The photochromic nature of Dronpa presents challenges to ultrafast spectroscopy which we resolved by studying the mutant Dronpa2 rather than Dronpa itself; Dronpa2 has a mutation (Met159Thr) that enhances both the A to B switching rate and the thermal B to A relaxation. HYPERLINK \l "_ENREF_25" \o "Ando, 2007 #25"  ADDIN EN.CITE <EndNote><Cite><Author>Ando</Author><Year>2007</Year><RecNum>25</RecNum><DisplayText><style face="superscript">25</style></DisplayText><record><rec-number>25</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679672">25</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Ando, R.</author><author>Flors, C.</author><author>Mizuno, H.</author><author>Hofkens, J.</author><author>Miyawaki, A.</author></authors></contributors><auth-address>Laboratory for Cell Function and Dynamics, Advanced Technology Development Group, Brain Science Institute, The Institute of Physical and Chemical Research, Hirosawa, Wako-city, Saitama 351-0198, Japan.</auth-address><titles><title>Highlighted Generation Of Fluorescence Signals Using Simultaneous Two-Color Irradiation On Dronpa Mutants</title><secondary-title>Biophys J</secondary-title><alt-title>Biophysical journal</alt-title></titles><alt-periodical><full-title>Biophysical Journal</full-title></alt-periodical><pages>L97-9</pages><volume>92</volume><number>12</number><keywords><keyword>DNA Mutational Analysis/*methods</keyword><keyword>Green Fluorescent Proteins/*chemistry/*genetics/radiation effects</keyword><keyword>Light</keyword><keyword>Microscopy, Fluorescence, Multiphoton/*methods</keyword><keyword>Mutation</keyword><keyword>Spectrometry, Fluorescence/*methods</keyword></keywords><dates><year>2007</year><pub-dates><date>Jun 15</date></pub-dates></dates><isbn>0006-3495 (Print)&#xD;0006-3495 (Linking)</isbn><accession-num>17384059</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/17384059</url></related-urls></urls><custom2>1877776</custom2><electronic-resource-num>10.1529/biophysj.107.105882</electronic-resource-num></record></Cite></EndNote>25 This allows the study of both B and A states separately, provided the sample is flowed and continuously illuminated at the appropriate wavelength (see experimental details). The TRIR spectra of Dronpa2 excited at 400 nm (i.e. in the neutral protonated dark A state of the chromophore) are shown in Figure 2a. In these transient difference spectra the negative peaks (bleaches) correspond to the removal of IR absorbing states while positive signals (transients) indicate the creation of transient or product states. Features in the difference spectra which appear during the time resolution (200 fs) are assigned to IR active vibrations of the bleached A ground state or vibrations of the A* excited state, or to protein modes perturbed by the change in electronic state. The latter includes changes in chromophore - environment H-bonding structure without a corresponding change in nuclear structure.
A number of significant new features are revealed in these TRIR spectra. First, the spectrum is complex. There are ten obvious bleach modes and seven transient absorptions in the range surveyed. In contrast, the isolated chromophore of Dronpa in methanol solution has only five bleach modes over the same range, which have been fully assigned HYPERLINK \l "_ENREF_18" \o "Stoner-Ma, 2006 #18"  ADDIN EN.CITE <EndNote><Cite><Author>Stoner-Ma</Author><Year>2006</Year><RecNum>18</RecNum><DisplayText><style face="superscript">18</style></DisplayText><record><rec-number>18</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679671">18</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Stoner-Ma, D.</author><author>Melief, E. H.</author><author>Nappa, J.</author><author>Ronayne, K. L.</author><author>Tonge, P. J.</author><author>Meech, S. R.</author></authors></contributors><auth-address>Department of Chemistry, Stony Brook University, Stony Brook, New York 11794-3400, USA.</auth-address><titles><title>Proton Relay Reaction In Green Fluorescent Protein (GFP): Polarization-Resolved Ultrafast Vibrational Spectroscopy Of Isotopically Edited GFP</title><secondary-title>J Phys Chem B</secondary-title><alt-title>The journal of physical chemistry. B</alt-title></titles><periodical><full-title>J Phys Chem B</full-title><abbr-1>The journal of physical chemistry. B</abbr-1></periodical><alt-periodical><full-title>J Phys Chem B</full-title><abbr-1>The journal of physical chemistry. B</abbr-1></alt-periodical><pages>22009-18</pages><volume>110</volume><number>43</number><keywords><keyword>Escherichia coli/metabolism</keyword><keyword>Green Fluorescent Proteins/*chemistry</keyword><keyword>Hydrogen Bonding</keyword><keyword>Plasmids</keyword><keyword>Protein Conformation</keyword><keyword>*Protons</keyword><keyword>Spectrum Analysis/*methods</keyword></keywords><dates><year>2006</year><pub-dates><date>Nov 2</date></pub-dates></dates><isbn>1520-6106 (Print)&#xD;1520-5207 (Linking)</isbn><accession-num>17064171</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/17064171</url></related-urls></urls><electronic-resource-num>10.1021/jp065326u</electronic-resource-num></record></Cite></EndNote>18 (supporting information Figure S1, Table S1). This complexity can be ascribed to two sources. First, multiple isomers in the A state; DFT calculations show that the C=O mode near 1688 cm-1 is sensitive to the isomeric form (supporting information, Table S1). This disorder may explain the appearance of a pair of bleach bands at high frequency (1671 cm-1 and 1690 cm-1) in Dronpa2 where only one is present in the non-irradiated chromophore in solution ADDIN EN.CITE 26 (Figure S1). This is consistent with the proposal of disorder in the x-ray structure of the Dronpa A state. ADDIN EN.CITE 15 Second, modes associated with the protein also contribute to instantaneous bleaches and corresponding transients in the TRIR spectra, as has been shown for other photoactive proteins. ADDIN EN.CITE , ,  The appearance of such protein modes in Figure 2a is indicative of strong H-bond interactions between the chromophore and surrounding residues, which are modified upon electronic excitation. Modes in the spectrum which have no counterpart in the isolated chromophore are found at 1623 cm‑1 (bleach) and 1425 - 1500 cm‑1 (a complex differential lineshape) and must therefore arise from the protein.
The second key feature in Figure 2 is that the spectral complexity is reflected in complex kinetics. First we will consider kinetics associated with individual bands (Figure 2b-e, Figure S2) and then discuss a global analysis of the spectra (Figure 3). The transient (1663 cm-1) and bleach (1688, 1650 and 1608 cm-1) modes associated with the chromophore reveal a major relaxation component of 7±2 ps (Figure 2b, S2). Such a fast recovery of the ground state indicates rapid radiationless decay, consistent with the weak emission from the A* state. This result is consistent with previous ultrafast studies of Dronpa HYPERLINK \l "_ENREF_4" \o "Fron, 2007 #4"  ADDIN EN.CITE <EndNote><Cite><Author>Fron</Author><Year>2007</Year><RecNum>4</RecNum><DisplayText><style face="superscript">4</style></DisplayText><record><rec-number>4</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679671">4</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Fron, E.</author><author>Flors, C.</author><author>Schweitzer, G.</author><author>Habuchi, S.</author><author>Mizuno, H.</author><author>Ando, R.</author><author>Schryver, F. C.</author><author>Miyawaki, A.</author><author>Hofkens, J.</author></authors></contributors><auth-address>Department of Chemistry and Institute for Nanoscale Physics and Chemistry (INPAC), Katholieke Universiteit Leuven, Celestijnenlaan 200F, 3001 Heverlee, Belgium.</auth-address><titles><title>Ultrafast Excited-State Dynamics Of The Photoswitchable Protein Dronpa</title><secondary-title>J Am Chem Soc</secondary-title><alt-title>Journal of the American Chemical Society</alt-title></titles><alt-periodical><full-title>Journal of the American Chemical Society</full-title></alt-periodical><pages>4870-1</pages><volume>129</volume><number>16</number><keywords><keyword>Animals</keyword><keyword>Anthozoa/*metabolism</keyword><keyword>Green Fluorescent Proteins/*chemistry</keyword><keyword>Photochemistry</keyword><keyword>Spectrum Analysis</keyword></keywords><dates><year>2007</year><pub-dates><date>Apr 25</date></pub-dates></dates><isbn>0002-7863 (Print)&#xD;0002-7863 (Linking)</isbn><accession-num>17385864</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/17385864</url></related-urls></urls><electronic-resource-num>10.1021/ja069365v</electronic-resource-num></record></Cite></EndNote>4 which also found picosecond time scale ground state recovery and excited state decay times. ADDIN EN.CITE ,  This contrasts strongly with the behavior of the (non-photochromic) wt GFP, where the A* state forms the anionic (I*) state through ESPT with high efficiency, so that the ground state is repopulated on the nanosecond time scale. HYPERLINK \l "_ENREF_28" \o "Meech, 2009 #28"  ADDIN EN.CITE <EndNote><Cite><Author>Meech</Author><Year>2009</Year><RecNum>28</RecNum><DisplayText><style face="superscript">28</style></DisplayText><record><rec-number>28</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679672">28</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Meech, S. R.</author></authors></contributors><auth-address>School of Chemistry, University of East Anglia, Norwich, UK NR1 2QN. s.meech@uea.ac.uk</auth-address><titles><title>Excited State Reactions In Fluorescent Proteins</title><secondary-title>Chem Soc Rev</secondary-title><alt-title>Chemical Society reviews</alt-title></titles><alt-periodical><full-title>Chemical Society Reviews</full-title></alt-periodical><pages>2922-34</pages><volume>38</volume><number>10</number><keywords><keyword>Biosensing Techniques/methods</keyword><keyword>Green Fluorescent Proteins/*chemistry/genetics</keyword><keyword>Kinetics</keyword><keyword>*Models, Chemical</keyword><keyword>Photochemistry/methods</keyword><keyword>*Protons</keyword><keyword>*Spectrometry, Fluorescence</keyword></keywords><dates><year>2009</year><pub-dates><date>Oct</date></pub-dates></dates><isbn>1460-4744 (Electronic)&#xD;0306-0012 (Linking)</isbn><accession-num>19771336</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/19771336</url></related-urls></urls><electronic-resource-num>10.1039/b820168b</electronic-resource-num></record></Cite></EndNote>28 The fast decay observed in Dronpa2 is more similar to the sub-picosecond decay of the chromophore in solution, which is associated with conformational freedom about the bridging methylene bond; HYPERLINK \l "_ENREF_28" \o "Meech, 2009 #28"  ADDIN EN.CITE <EndNote><Cite><Author>Meech</Author><Year>2009</Year><RecNum>28</RecNum><DisplayText><style face="superscript">28</style></DisplayText><record><rec-number>28</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679672">28</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Meech, S. R.</author></authors></contributors><auth-address>School of Chemistry, University of East Anglia, Norwich, UK NR1 2QN. s.meech@uea.ac.uk</auth-address><titles><title>Excited State Reactions In Fluorescent Proteins</title><secondary-title>Chem Soc Rev</secondary-title><alt-title>Chemical Society reviews</alt-title></titles><alt-periodical><full-title>Chemical Society Reviews</full-title></alt-periodical><pages>2922-34</pages><volume>38</volume><number>10</number><keywords><keyword>Biosensing Techniques/methods</keyword><keyword>Green Fluorescent Proteins/*chemistry/genetics</keyword><keyword>Kinetics</keyword><keyword>*Models, Chemical</keyword><keyword>Photochemistry/methods</keyword><keyword>*Protons</keyword><keyword>*Spectrometry, Fluorescence</keyword></keywords><dates><year>2009</year><pub-dates><date>Oct</date></pub-dates></dates><isbn>1460-4744 (Electronic)&#xD;0306-0012 (Linking)</isbn><accession-num>19771336</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/19771336</url></related-urls></urls><electronic-resource-num>10.1039/b820168b</electronic-resource-num></record></Cite></EndNote>28 the NMR studies of Mizuno et al. suggested a degree of flexibility in the Dronpa A state compared to wt GFP, which is consistent with the observed ultrafast decay. ADDIN EN.CITE 15 However, both transient decay and ground state recovery of these chromophore modes are non-single exponential with additional components of 30 to 100 picoseconds being resolved (Figure S2). Such a broad range of relaxation times is consistent with a distribution of decay rates rather than true two-state relaxation. Since both spectroscopy (see above) and structure data7 suggest multiple conformations for the A state chromophore in Dronpa such a distribution of decay rates is expected, given the known sensitivity of HBDI decay to structural distortion. HYPERLINK \l "_ENREF_29" \o "Conyard, 2011 #29"  ADDIN EN.CITE <EndNote><Cite><Author>Conyard</Author><Year>2011</Year><RecNum>29</RecNum><DisplayText><style face="superscript">29</style></DisplayText><record><rec-number>29</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679672">29</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Conyard, J.</author><author>Kondo, M.</author><author>Heisler, I. A.</author><author>Jones, G.</author><author>Baldridge, A.</author><author>Tolbert, L. M.</author><author>Solntsev, K. M.</author><author>Meech, S. R.</author></authors></contributors><auth-address>School of Chemistry, University of East Anglia, Norwich NR4 7TJ, United Kingdom.</auth-address><titles><title>Chemically Modulating The Photophysics Of The GFP Chromophore</title><secondary-title>J Phys Chem B</secondary-title><alt-title>The journal of physical chemistry. B</alt-title></titles><periodical><full-title>J Phys Chem B</full-title><abbr-1>The journal of physical chemistry. B</abbr-1></periodical><alt-periodical><full-title>J Phys Chem B</full-title><abbr-1>The journal of physical chemistry. B</abbr-1></alt-periodical><pages>1571-7</pages><volume>115</volume><number>6</number><keywords><keyword>Amino Acid Substitution</keyword><keyword>Green Fluorescent Proteins/*chemistry/genetics</keyword><keyword>Hydrogen-Ion Concentration</keyword><keyword>Kinetics</keyword><keyword>Mutation</keyword><keyword>Viscosity</keyword></keywords><dates><year>2011</year><pub-dates><date>Feb 17</date></pub-dates></dates><isbn>1520-5207 (Electronic)&#xD;1520-5207 (Linking)</isbn><accession-num>21268624</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/21268624</url></related-urls></urls><electronic-resource-num>10.1021/jp111593x</electronic-resource-num></record></Cite></EndNote>29 
Significantly, a number of other modes are measured to have either appreciably faster (Figure 2c) or slower (Figure 2d,e) kinetics than the 7 ps associated with chromophore ground state recovery. Examples of such kinetics are shown in Figure 2c-e, where the representation of the chromophore kinetics (1688 cm-1, Figure 2b) are included for reference; the numerical results for fitting all modes to a bi-exponential function are collected in supporting information (Figure S2).  In particular, modes assigned to the protein exhibit kinetics which are quite distinct from those associated with the chromophore. For example modes at 1470 cm-1 (Figure 2d) and 1580 cm-1 show a rise on the 7 ps time scale while modes at 1470 and 1500 cm-1 (Figure 2e) have a component which relaxes in about 1 ns. The 1623 cm‑1 protein bleach mode lacks the 7 ps component associated with the chromophore and instead has tens of picosecond and > 300 ps relaxation components. These observations prove both that the formation of new states from the initially excited state occurs in competition with the 7 ps chromophore ground state recovery, and that there is a slow (hundreds of picoseconds) subsequent evolution in protein structure. 
An alternative to analyzing the kinetics associated with specific modes with a multi-exponential fitting function is to conduct a global kinetic analysis. The study of individual bands revealed a fast decay in chromophore modes plus some slower components, a fast rise in some proteins modes and a much longer decay time. These data suggest the application of a sequential model A*  A’  X F, where A’ and X are intermediate states and F is a final state; attempts to describe the data with a single intermediate were unsuccessful, consistent with the multiple timescales recovered from the bi-exponential fitting (Figure S2). The results of the global analysis are shown in Figure 3, with ultrafast (2.3 ps), fast (22 ps) and slow (458 ps) decay constants associated with each state being recovered. Further details of this analysis are presented in supporting information.
The bands which are unambiguously associated with the recovery of the chromophore ground state (e.g. 1690, 1650, 1608 cm-1) are dominated by, but not exclusively due to, the faster two components. This does not necessarily indicate a contribution from two distinct states with different spectra but results from the way in which this sequential global analysis model (which is the simplest model to fit the data but is not unique, see supporting information) fits the non-exponential ground state recovery. Significantly, bands which were assigned to the protein behave quite differently in the global spectrum, in line with the single frequency analysis above. The 1623 cm-1 bleach has a major component of the intermediate state, but no slow component. In contrast the 1580 cm-1 bleach forms on the faster time scale and mainly decays in hundreds of picoseconds. The complex lineshape between 1450 and 1500 cm-1 has major components associated with the slow relaxation. In the final state (F) these protein modes have also relaxed, but a number of long lived modes in the 1550 to 1670 cm-1 region remain, which may be associated with the final cis anion (Figure 3). These protein modes require further study by isotopic substitution and site directed mutagenesis for a conclusive assignment. HYPERLINK \l "_ENREF_18" \o "Stoner-Ma, 2006 #18"  ADDIN EN.CITE <EndNote><Cite><Author>Stoner-Ma</Author><Year>2006</Year><RecNum>18</RecNum><DisplayText><style face="superscript">18</style></DisplayText><record><rec-number>18</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679671">18</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Stoner-Ma, D.</author><author>Melief, E. H.</author><author>Nappa, J.</author><author>Ronayne, K. L.</author><author>Tonge, P. J.</author><author>Meech, S. R.</author></authors></contributors><auth-address>Department of Chemistry, Stony Brook University, Stony Brook, New York 11794-3400, USA.</auth-address><titles><title>Proton Relay Reaction In Green Fluorescent Protein (GFP): Polarization-Resolved Ultrafast Vibrational Spectroscopy Of Isotopically Edited GFP</title><secondary-title>J Phys Chem B</secondary-title><alt-title>The journal of physical chemistry. B</alt-title></titles><periodical><full-title>J Phys Chem B</full-title><abbr-1>The journal of physical chemistry. B</abbr-1></periodical><alt-periodical><full-title>J Phys Chem B</full-title><abbr-1>The journal of physical chemistry. B</abbr-1></alt-periodical><pages>22009-18</pages><volume>110</volume><number>43</number><keywords><keyword>Escherichia coli/metabolism</keyword><keyword>Green Fluorescent Proteins/*chemistry</keyword><keyword>Hydrogen Bonding</keyword><keyword>Plasmids</keyword><keyword>Protein Conformation</keyword><keyword>*Protons</keyword><keyword>Spectrum Analysis/*methods</keyword></keywords><dates><year>2006</year><pub-dates><date>Nov 2</date></pub-dates></dates><isbn>1520-6106 (Print)&#xD;1520-5207 (Linking)</isbn><accession-num>17064171</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/17064171</url></related-urls></urls><electronic-resource-num>10.1021/jp065326u</electronic-resource-num></record></Cite></EndNote>18 Importantly, the single frequency and global analysis results point to the same conclusion; the picosecond time scale ground state recovery is accompanied by population of a metastable state of the protein around the chromophore (called here A’) which undergoes further structural relaxation on the hundreds of picoseconds time scale to states which ultimately lead to the B state.
Further insight into the nature of the metastable state, A’, can be obtained by contrasting the TRIR following excitation of the A state of Dronpa2 (Figure 2) with those from excitation of the B state and of the A state of wt GFP; this is done in Figure 4. There are striking difference between the TRIR spectra of the Dronpa2 A and B states. In the B state the C=O bleach (calculated to be the highest wavenumber mode, see supporting information) has shifted down to 1663 cm‑1 and the amplitude of the bleach associated with the phenyl ring mode (1498 cm‑1) has increased significantly. In addition the chromophore ground state recovery kinetics are much slower in the B state (ca 1 ns), consistent with a long lived fluorescent state. These spectral differences can be understood in terms of photoinduced changes in the structure of both the protein environment and the chromophore between the A and B states. The B state is an anion in the cis form. Formation of the anion is calculated to lead to a shift to lower frequency in the C=O mode (Table S1) for either isomer, consistent with observation. Further, NMR studies of Dronpa suggested that in the B state a strong H-bond is formed between the phenolate O– and an adjacent amino acid residue (S142). ADDIN EN.CITE 15 DFT calculations show that H-bonding at O– leads to an enhanced (weak to strong) intensity of the phenyl stretch mode (Table S1), consistent with Figure 4. Such a strong H-bond can restrict internal motion in the chromophore, suppressing radiationless decay, which is consistent with a slower excited state decay. HYPERLINK \l "_ENREF_28" \o "Meech, 2009 #28"  ADDIN EN.CITE <EndNote><Cite><Author>Meech</Author><Year>2009</Year><RecNum>28</RecNum><DisplayText><style face="superscript">28</style></DisplayText><record><rec-number>28</rec-number><foreign-keys><key app="EN" db-id="9sfsex5sc9vaate20ep5w9wj9xz2555swwwd" timestamp="1376679672">28</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Meech, S. R.</author></authors></contributors><auth-address>School of Chemistry, University of East Anglia, Norwich, UK NR1 2QN. s.meech@uea.ac.uk</auth-address><titles><title>Excited State Reactions In Fluorescent Proteins</title><secondary-title>Chem Soc Rev</secondary-title><alt-title>Chemical Society reviews</alt-title></titles><alt-periodical><full-title>Chemical Society Reviews</full-title></alt-periodical><pages>2922-34</pages><volume>38</volume><number>10</number><keywords><keyword>Biosensing Techniques/methods</keyword><keyword>Green Fluorescent Proteins/*chemistry/genetics</keyword><keyword>Kinetics</keyword><keyword>*Models, Chemical</keyword><keyword>Photochemistry/methods</keyword><keyword>*Protons</keyword><keyword>*Spectrometry, Fluorescence</keyword></keywords><dates><year>2009</year><pub-dates><date>Oct</date></pub-dates></dates><isbn>1460-4744 (Electronic)&#xD;0306-0012 (Linking)</isbn><accession-num>19771336</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/pubmed/19771336</url></related-urls></urls><electronic-resource-num>10.1039/b820168b</electronic-resource-num></record></Cite></EndNote>28 Thus, TRIR spectra and dynamics of the B state support its assignment to anionic cis form in a strongly H-bonding environment.
The comparison between the neutral A states of Dronpa2 and wt GFP (Figure 4c) is also instructive. The first feature to note is that the intense phenyl bleach mode, observed near 1500 cm-1 in both wt GFP and the Dronpa B state (Figure 4b), is significantly weaker in Dronpa A. This suggests (see above) a stronger H-bond between the phenolic OH of the chromophore in wt GFP than in Dronpa A, lending the chromophore to have a more quinoidal character in the former; this result is also consistent with facile ESPT in wt GFP.  
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These ideas are summarized in Figure 5 where a mechanism is proposed. The TRIR data show that the main fate of the excited A state chromophore in Dronpa2 is a non-single exponential ground state recovery on a few and tens of picoseconds time scale. This state also populates a metastable protein structure around the ground state chromophore, with a distinct TRIR spectrum which persists on the hundreds of picoseconds time scale, here called here A′ (Figure 5). The fast appearance of bleach modes associated with the protein and the fast decay kinetics associated with some transient modes point to the formation of A′ from A* (or potentially from a hot A ground state after the ultrafast internal conversion, our data cannot distinguish these possibilities). The further relaxation of the A′ state occurs in a non-single exponential fashion on a time scale of hundreds of picoseconds. We speculate that A′ is a conformation of the protein which can undergo a proton transfer in the ground electronic state, and thus probably involves the conserved E144 residue (Figure 5b). The A′ state can thus relax to the anionic form of the chromophore, which further relaxes to the cis conformer and forms the H-bond which ultimately stabilizes the B state (Figure 5b). This mechanism is consistent with the observed TRIR data and the low cross section for photochemical generation of the B state, although the details and order of the slowest steps are not unambiguously resolved in the present data. 
Conclusion 




TRIR measurements were performed using an ultrafast laser system described in detail elsewhere, ADDIN EN.CITE 22 with a 10 kHz repetition rate and ~ 100 fs time resolution. For these measurements the excitation wavelength was 400 nm for the A state and 450 nm for B. The spot size was 100 µm and the pulse energy was below 400 nJ. Photoactive proteins were studied in a flow cell (0.5 ml total volume, 50 µm path length) with CaF2 windows. The flow cell was rastered in the beam to avoid photobleaching and degradation during the measurement. To ensure that only one state of the protein was studied the solution was irradiated by 380 nm or 505 nm LED arrays to generate B and A states respectively. The protein reservoir was irradiated and flowed for several hours prior to experiments to ensure full conversion, and then continuously irradiated during the measurements. The IR probe transmission was measured as a function of pump-probe delay time after the pump pulse, and TRIR spectra are reported as normalized difference spectra at time delays between 1 ps and 1 ns. The pump probe polarization angle was set to magic angle to eliminate effects of molecular reorientation. The infrared spectra were measured by two matched 128 pixel MCT detectors, yielding a resolution of 3 cm-1 per pixel. 




Figure 1. Structure of the Dronpa chromophore in its neutral (protonated) cis and trans states.
Figure 2. (a) TRIR spectra of Dronpa2 excited in the A state at 400 nm. (b) kinetics at 1688 cm-1  of the ground state recovery. The 1688 cm‑1 mode can be associated with the chromphore ground state bleach. (c)-(e) ultrafast kinetics for three different peaks in the spectrum, in each case the kinetics are compared to the chromophore kinetics measured at 1688 cm-1, inverted for the comparison where necessary. For full kinetic data see supporting information.
Figure 3.Global analysis of Dronpa TRIR kinetics. The spectra associated with the A*, A’ and subsequent states are shown along with the associated time constants and normalized kinetics (inset).
Figure 4. The TRIR spectra of Dronpa2 A state (a) are compared with those of Dronpa2 B state (b) and wt GFP A state (c).
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